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NATIONALADVISORYC!CWITTEEFORAERONAUTICS

RESEARCHMEMORANDUM

CHKRAOTERISTICSOFPERFORATEDDIFFUSERS

m mwsmEAM MACEmm 1.90

ByHenryR.HunczakandEmilJ.I@emzier

.,

Aninvestigationof’a seriesofperforatedconvergent-
divergentdiffuserswasconductedintheEACALewis18-by18-inch
tunnelataMachnumberof1.90.Comlmaotionratiosof1.40,
1.49,1.53,1.55,1.59,1.63,and1.70andvariousperforation
distributionswereinvestigatedtodetermine(a)theaveragesub-
sonicflowmefficient(effeetIvearearatio),(II)theperforation
distributionrequiredforestablishingsupersonicfluwintheinlet,
and(c)theeffectofvariousperforationdistributionson~ak
total-pressurerecoveries,relativemassflow,andshockstability.

Thecircular,sharp-edgedorificesusedtoWrforatetheinlets
hadanaveragesubsonicflowcoefficientof0.5whenspillingthe
subsonicflowbehindthenormalshock.

A widerangeofpeaktotal-pressurerecoveriesandrelative
massflowswereobtainedovertherangeofcontractionratios
investigated.A maximumtotal-pressurerecoveryof96percent
wasobtainedwitheninlethavinga contmmtionratioof1.63.The
relativemassflowatthisrecoverywas82percent.Aninlettith
a contractionratioof1.40gavea maximumrelativemassflowof
98percentwhileattaininga total-pressurereooveryof0.90.

Pressurerecoveriesupto92peroentwereobtainedusinga
theoreticaldistributionofperforationsbasedonthedesignmn-
siderationsforneutralshockequilibrium.Forsomeofthese
configurations~ shookstabilityatt~ t~oatofthei~et=s
observed..Additionalperforationsupstreamofthethroatstabilized
theshookintheconvergingsectionofthediffuserandimprovedthe
pressurerecovery,butreducedtherelativemassflow.

Agreementbetweentheoreticalandexperimental.relativemass
flowswaswithinapproximately1 percentovera ra%e ofcontraotion
ratiosfrcin1.40to1.59withtheperforationdistrihutimused.
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INTRODUCTION

SupersonicdiffusionthatresultsInpressurerecoveries
exoeedfngthoseofa free-streamnormalshockisusuallyobtained
bydecreasingtheshookMaohnumberthrougha contractionofthe
supersmioflow-streamtube.Twomethodsofcontractingthe
flow-streamtubearebyexternaldiffusioninwhiohtheflowis
compressedbya pro$ecthguoneorwedge,andbyinternaldif-
fusioninwhioha oonverglngohannelforcesa compressionofthe
flow,

Whenthesecondmethciiisemyloyed,atleasttwofactors
limitthefullutilizationofthediffusionprooess.First,the
contractionoftheconvergingchannel(inlet)islimitedbythe
subsonicmassflowbehindthenormslshook,whiohmustpass
throughtheminimumarea(tbrcet)whentheshookisattheinlet
entrance;andsecond,whentheshookisinthevicinityof the
minimumareaorthroat,itsinstabilitylimitstheminimmshock
Machnumberthatcanberealized(references1 and2).

Perforationsalonginletwallsmaybeutilizedtomldmlze
ortoeliminatethecontractionlimitationandtheshookinstability
disoussedinthepreviousparagraph(reference3). Becauseof
thestatio-pessureriseaorossa nomnalshook,theperforations
alongtheinletspilla htghrateofmassflowwhentheshookis
aheadoftheinletandthestatio-pressuredifferentialacrossthe
perforationsishigh,andspilla lowrateofmassflowwhenthe
shookisatthethroatandthestatic-pressuredifferentialis
low. (ThustheInletoanoontracttheflowuntiltheshockoocurs
ats~iovelocityandthestatiopressuresbeforeandafterthe .
shookareequal.) Forpokitionsoftheshookintheinlet,the
perforationstendtomaintaina balanoeoftheflowspillageneo-
essarytostabilizetheshook;therefore,withthenormalshook
oocurringatsonicorclosetosoniovelooityandwithshcck
stability,highpressurerecoveriesareobtained(reference3).

Aninherentqharacteristlooftheperforatedinletisthe
. continuousflowspillagethroughtheperforationswhentheshock

1satordownstreamofthethroat.Althoughspillagemayrepresent
a lossinthrustona ram-jetmnflguration,itmayalsoserveas
a boundary-layerbleedanda souroeofflowturbulencetominimize
flowseparation.

A studywasmadeattheNACALewislaboratoryofsomeofthe
stab~ity sonsiderationsoftheperforatedconvergent-divergent
diffhser.Thepressuderecoveriesthatoanbeobtainedwith
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perforatedinletsovera rangeofcontractionratiosandtheamount
ofmassflowspilledassociatedwitheaohinletwereexperimentally
determined.A methodofevaluatingtherelativemeritsofincrease
inpressurerecoveryassociatedwiththislostmassflowonan
internal-thrust-coefficientbasisisalsoincluded.
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Thefollowingsymbolsareusedinthisreport:

eumationofperforatedareaupstreamofdiffuserthroat,(SIIft)

[()]

&
~ 2 7-1
RTx

internalthrustcoefficient

diameter,(in.) .

thrust,(lb)

fuel-airratio

accelerationduetogravity,(ft/sec2)

lengthalonginletmeasuredfromentramceofsupersonicinlet,(in.)

Machnumber

mms flow,(slugs/see)

stagnationortotalpressure,(lb/sqft)

staticpressure,(lb/sqft)

subsonicflowcoefficientof perforations(effective-arearatio)

supersonicflowcoefficientofPerforations(effective-area
ratio)

dynamicpressure,(lb/sqft)

gasoonstant,(ft/%)

diffuserarea,(sqft)

.
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stagnationtemperature(OR)

veboity,(ft/see)

anglebetweenvelocityveotorv andoutward-drawnvector
normal.to dA,(deg)

ratioofspecificheats

anglebetweenfinalMaohlineanddiffuserwall,(deg)

statiodensity,(slugs/cuft)

heat-releaseparameter

ooordhateanglebetweenMachlineat M = 1 atilocal
Maohline,(deg)

Prandtl*eyerexpansionangle,(:eg)

anglebetweenpositivedlreotionof x andoutward-drawn
;ectornorm&to dA,(deg)

Subscripts:

o freestream

1 inletentrance

2 inletthroat

3 pltot-staticrakeinsimulatedcombustionchamber ‘

4 outletofsimulatedcombustionchamberorram-jetexhaust
“nozzle

e exitofperforations

x,y 100alstationswithindiffuser

* indicatesccdditionsatsonicvelooity

ANALYSIS

Thecharmteristicsoftheperforateddiffuserata given
free-st=smMachnumbermay,inpart,becontrolledbythe

.
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contractionratioandthedistributionofperforations.The
analysistodeterminethesecharacteristicsisinthreep.rts:
(1)thecriterionforstable,unstable,andneutralshook
equilibriumintheconvergentportionofthediffuser,(2)the
designofdiffusersforneutralshookequilibrium,and(3)the
~~itionsfornom shookentrance.A knowledgeoftheoon-
ceptsofreferenoe3 isassumed.

5

Criterionforstable,unstable,andneutralshockequilibrium.-
A normalshockisinstableequilibriumifmcmentarydisplacements
oftheshockareaccompaniedbyreacticmsthattendtoreturnthe
shooktoitsequilibriumposition.Stabilityoftheshockatvarious
stationsintheperforateddiffusershowninthefollowingsketch
maybedeterminedbymeansoftheequationofcontinuityassuming
one-dimensionalflow:

1-

%>

Y yf

]1:
Regardlessofthepositionoftheshook,themassflowthroughthe
throatofthediffuser(station2)mustequalthemassfloWthrough
thechokedoutlet(station4);therefore

‘2s2%m2=~=
c

Y ‘4s4
y+l ~= 6y+l — (1)

F+=~2J(’-1) ($Y’-’) ‘4

Forthecaseofnoheataddition,
G= dz ad ‘f‘he

shockisdownstreamofthethroat,P2S2 and M2 areconstantso
thatforshockequilibriumtheproductP4S4mustbeconstant.
Shouldtheshockbedisplacedfromitsequilibriumyosftion,from
Sx to Sx’, bymeansof sometemporarydisturbance,theMach
numbershesdoftheshockwillincreaseandhenoeP4 will
decrease.Fora constantoutletareaS4, insufficientmassflow
willegressthroughtheoutlet,theshookwillbemovedtowards
itsequilibriumposition,@ theconditionwillbestable.

.

.
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Whentheshookislooatedupstreamofthethroat,theflow
betweenthethroatandtheoutletissubsonio,thestagnation
pressureP4 canbeconsideredproportionalto P2 inequa-
tion(l),andthethroatMachnumber~ isthenafunotionof
onlytheoutletareaS4. Equation(1)isnowsatisfiedfora
rangeofvaluesofthethroatstagnationpressure.

Iftheequilibriumpositionoftheshookisat Sy, the
massflowthroughtheshockmustequalthemassflowthroughthe
throatplusthemassflowthroughtheperfsmationsbetweenSy
and S2. A transientdisplacementoftheshockfrcmSy to Sy’
willincreasethethroatstagnationpressureandhencewillincrease
themassflowthroughthethroatandthroughtheperforationsbetween
Sy’ and ~. Thisincreaseanditscounterpart,thedeorease
inmassflowthroughthePerforationsbetween‘Y - sy’~ is
expressedasa fraotionofthemassflowthroughtheshockstation
Sy’● Forneutralshookequilibrium,thefractionalincreasein
massflowthroughthethroatandperforationsbetweenSy’ and S2
mustbeequaltothefractionaldecreaseinmassflowthroughthe
perforationsbetween~ and Sy’.Ifstableequilibriumisto
ooour,thefractionaldecreaseinmassflowthroughtheperforation
betweenS7 and Syf mustbegreaterthanthefractionally
increasedmassflowthroughthethroatandperforationsbetween
Sy’ and S2. Theairwillthenaooumulatedownstreamoftheshook
andforceittowardsitsequilibritiposition.Similarly,unstable
equilibriumwilloocurshouldthefractionaldecreaseinmassflow
throughtheperforationsbetween‘Y and Sy’ belessthanthe
fractionalinoreaseinmassflowthroughthethroatandperforations
betweenSy’ and S2. It’qhouldbenotedthatthecriterionfor
shockequilibriumdependsonlyonthe100alconditions.Atany
stationalonga giveninletthestabilityoftheshockmaytherefore
bemadeunstable,neutral,orstablebyadjustingthedistribution
oftheperforations.

Theconditionforshockstabilitymaybealternatelyexpressed
intermsofthethroatMachnumber,theequilibriumpositionofthe
shock,andtheoutletareaS4. Forneutralequilibrium,the
requiredfractionalchangeinmassflowthroughthediffuserthroat
mustbeproportional.tothefractionaloha~eiptotalpressure
behindtheshockshouldtheshookmovefromSY to Syf.The
throatMachnuniberthenremainsoonstant,
tlon(1)fora constantoutletareaS4.

w=!!!

whichsatisfiesequa-
Forstable.equilibrium,the
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requiredmassflowthroughthediffuserthroatmustincreasein
greaterproportionthanthethroattotalpressureshouldtheshock
movefrcmS~ to S7’.ThethroatMachnumberthentendsto
increaseandequation(1)issatisfiedonlyiftheshockreturnsto
~ ortheoutletarea S4 isincreased.

Designofdiffusersforneutralshockequ~ibrium.-The
theoreticaltreatmentofreference3 presentsa methdofdetermin-
ingandcorrelatingtheperforationdistributionA/~x andthe
localcontractionratioS/S2xasa funotionofthelocalMach
numberM toobtaina perforatedisentropicinlet.Withthistype
ofinlet,thefree-streamflowisdeceleratedtosonicvelocityat
thethroat%x foranypositionofthenormalshockbetweenthe
inletentranceS1 andthethroat.ThelocalMachnumberatany
givenstationchangesonlywhentheshockmovespastthestation.
OnlytwoMachnudbersmaythereforeexistata givenstation,
eithera supersonicMachnumberora subsonicMachnumberthatis
relatedtothesupersonicMachnumberbythenormlshockrelations.
Suchdiffusersgiveneutralshockequilibriumandhavetheminimum
areaof perforationstoallowthesupersonicflowtobeestablished.
ThegeometriccontractionratioS1/S2xoftheinletisgreater
thantheisentropiccontractionratioS1/Sxforthefree-stream
MachnumberM. becauseoftheflowspillagethroughtheperfora-
tionsaftertheshockhasbeenswallowed.

Thefollowingassumptionsweremade:

1.One-dimensionalflowexiststhroughtheinlet.

2.A total-pressurelossintheinletoccurs
normalshock.

3.Thesubsonicflowcoefficientisconstant
throughtheperforationsdownstreamofthenormal
andvariesonlywiththetotalpressure.

onlythroughthe

andthemassflow
shockiSchoked

4.Thesupersonicflowthroughtheperforationsmaybedescribed
byPrandt14deyertwo~imensionaltheory.

Themathematicalecnzations(fromreference3)usedforcalcula-
tionsaregivenin appe~ix~ alongwith
obtainingdesiredquantitiesthroughthe
flowtables(reference4).

a simplifiedmethodof
useofavailablesupersonic

.
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Thetheoreticalcurvesfora perforatedisentropicinletare
presentedinfigures1 and2. Thecalculationsforthesecurves
arebasedona free-streamMachnumberof1.90andtheassumption
thatthestaticpressureattheexitoftheperforationspe is
equaltothe”free-streamstatiopressurep.. Thesefiguresare
plotsofthesummationoftheratioofperforatedareatothroat
areaA/S2NandtheratioofdiffuserareatothroatareaS/~s
asfunctionsofthe100alMachnum%er.Becauseofa lackof
experimentaldataonflowcoefficientsforsharp-edgedorifices
havingcomponentsofvelocitynormslandtangentialtotheirsur-
faces,thecalculationsweremadeforconstantsubsonicflow
coefficientsC& of0.4,0.5,0.6jand0.7.Figuresland2 may
beusedtoobtaintherelationsoftheratiosofperforatedarea
anddiffuserareatothroatarearequiredforneutralshockequili-
briumforanyinletwhosegeometriccontractionratioS1/S2is
lessthanthatoftheperforatedisentropicinletfromthefollow-
ingconsiderations:

.-

A perforatedisentropicinletwtththenormalshockoccurring
atany1o-” area(asshmp inthefolhwingsketch)maybecut
offatthelocalareaSy toobtaina newinletwhosecontraction
ratioS~/S2isequaltothearearatioS1/Sy.Theperforation
distributionissuchthatneutralshockequilibriumstillexists
forallpositionsofthenormalshockbetweens~ and Sy because
the,flowconditionsupstreemofandthemass
streamofthenormslshockarenotchanged.

‘1___ -s

?
--

IJf>lM<l

flowimmediatelydown-

S2*-—.

M=l

1“ /+——
//.-

TheMachnumberbehindthenormalshockatthenewthroatisnuw
subsonic,butstillremainsconstantforupstreamdisplacementsof
theshock.Infigures1 and2,dashedlinesthatrepresentconstant
valuesoftheratioofinlet-entranceareatodiffuserareaequal
tothedesiredcontractionratioS1/S2 areshown.Totheright
ofthedashedlines,thetheoreticalcurvesareapplicabletothe
desiredcontractionratios.Thevaluesoftheratiosofperforated

.

—

.
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areatothroatareaanddiffuserareatothroatareaobtainedfran
thetheoreticalcurves,@wever,areintermsofthetheoretical
‘-t -a f52*andaredisplacedalongtheordinatehythevalues
correspondingtothepartoftheinletthatisnolongerrequired.

EliminatingthelocalMachnumberastheindependentvariable
andconvertingtherelationstoa specificgeometriocontraction
ratio~sultsina direct@ot oftheperforated-ariatothroat-
arearatioasa funotionofthediffuser-areatothroat-arearatio
withthesubsonicflowcoefficientasanindependentparameter,as
shuwninfigure3 fora contractionratioof1.55.(Thecontraction
ratiofortheperforatedisentropicinletis1.675ata flowcoef-
ficientof0.5.) Thecurvesdeterminethetheoreticalperforation
distributionrequiredforneutralshockequilibriumforeachassumed
valueofthesubsonioflowcoefficient.

Inthefollowingdiscussions,referenoeismadetotheoretical.
distribution,whichisdefinedasa distributionofperforations
givingneutralshoqkequilibriumforanassumed(constant)valueof
Qa. Eachmrve infigure3 isthereforetheoreticalaccordingto
definition;however,onlythetheoreticaldistributionscorrespond-
ingtothetruevalueoffluwcoefficientwillprovideneutralshock
equilibriuminanactualinlet.Theremainingtheoreticalcurves
maythenbeconsideredasvariationsoftheperforationdistributim
fromthatrequiredforthetruesubsonioflowooeffioientandare
giventoillustratetheeffectonshockequilibriumstheconfig-
urationisaltered.

Asanexample,thetruevalueofthesubsonicflowcoefficient
isassumedtobe0.5.Whentheperforationdistributionconfomhsto
thisvalue,thesubsoniothroatMachnuniberrenminsoonstantat0.791
forallpositionsoftheshook(theshockpositionisintermsof
theratioofinlet-entranceareatolocaldiffuserarea)withinthe
inlet(fig.4)andtheequi.libriuoftheshockisneutral.Should
theperforationdistributionbeincreasedtoconformtothatindicated
bythesubsonicflowcoefficientof0.4whilemaintainingthetrue
flowcoefficientof0.5,thethroatMachnumberincreasescontinuously
from0.63whentheshockisattheinletentranoeto0.77whenthe
shockisatthethroat,asshownbythelowercurveoffigure4.
Theequilibriumoftheshockisnowstable.Conversely,fora
d.eoreaseintheperforationdistributiontothatcorrespondingtoa
flowcoefficientofapproximately0.55thethroatMachnumber_——.
decreasescontinuousl~-frm0.93-to0.60
streamwithintheinlet,asshownbythe
Forthisdistributiontheequilibriumof

astheshockmovesdown-
uppercnzrveoffigure4.
theshockisunstable.

.

.
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Theslopeoftheperforation-distributioncurve(fig.3)is
ofparticularinterestbecauseitisnearlyconstantandchanges
onlywithsubsonicflowcoefficient.Theslopemaythereforebe
consideredindependentoftheabsolutevslueofthelocaldiffuser-
areatothroat-arearatioandthelocalshockMachnumber.Con-
sequently,bycomparingtheslopeofthecurveatlocalstations
ofanarbitraryperforation.distribution(avariableslope)with
thatofthetheoreticalcurveforthetruevalueofthesubsonic
flowcoefficient,thelocalregionsofstable,unstable,and
neutralshockequl.libriummaybedetermined.

Conditionsfornormalshockentrance.-Forinletswithcon-
tractionratioslessthanthatoftheperforatedisentropicinlet,
theminimmratiooftotalperforatedareatothroatarearequired
tobringtheshocktotheinletentrancewiththethroatchokedis
lessthanthatrequiredforneutralshockequilibrium.Therelaticns
forthisminhwmtotal-arearatiocanbederivedfromtheequation
ofc&tinuityona one-dtiensionalbasisas

oAl 1=—
%min% &o -1 (2)

Whentheshockisattheinletentrance,thethroatvelocityis
sonicandthemassflowatthethroat~ equalsthemassflow
enteringtheinletentranceatfree-streamconditions~ minus
thatthroughtheperforations~. Iftheperforationdistribution
issuchthatthethroatwillnotohokefora~ intermediatelocation
oftheshockbetweentheentranceandthethroat, theshockwillbe
swallowedandsupersonicflowwillbeestablishedthroughoutthe
inlet.Sucha distributionmaybeobtainedbyusinga theoretical.
distribution(asdefiuedinconjunctionwithfig.3) corresponding
toa subsonicfluwcoefficientgreaterthanthetruevaluesuchthat
theminimumtotalperforatedareaistherequ$redamount.

Themini- ratiooftotalperforatedareatothroatarea
A1/S2asa functionofthegeometriccontractionratios#2
(dashedcurvefig.5)isccmqaredwiththeratiooftotalperforated
areatothroatarearequiredforneutralshockequilibrium(solid
curve)infigure5 fora free-streamMachnumber equelto1.90and
subsonicflowcoefficientsof0.4}0.5~0.6,and0.7.Thefactthat
noperforationsarerequiredtopemuitsupersonicflowtobeestab-
lishedthroughtheinletata geometriccontractionratioof1.193

.
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issubstantiatedbytheanalfiioalandexperimentaldatainref-
erence1. ThetwocurvesJoinwhenthegeametriccontractionratio
equalstheperfomtedisentropiccontractionratioandtheperfo-
rationdistributionsarethenunique.

APPARATUSANDPROCEDURE

TheinvestigationwasconductedintheNACALewis18-by
18-inchsu~rsonictunnelata diffuser-inletMachnumberof
1.80+0.01.Thestagnationtemperatureoftk airwasmaintained
atapproximately1400F witheleotricheatersandthedewpoint
wasreducedto -20°F withactivatedaluminaairdriers.

Theinvestigationwasmadewitha familyofeightconverging
inlets,rangingingeometriccontractionratioS1/S2from1.40to
1.70andhAvingequalthroatareas.Internalcontoursofallinlets
werede~ignedona one-dimensionalbasisbyassumingtheinlet- ‘
entranceMachnumbertobetheisentropicvaluecorrespondingto
thegeometriccontractionratio,andbyassumingan@mostlinear
reductionInlocalMachnumbertosonicvelocityinanaxiallength
of1.945throatdiameters.A throatlengthof0.65throatdiameter
wasthenaddedtoaidshockstabi.lity. A schematicdiagramofan
inletgivingtheprincipaldimensionsanda tableofcoordinates
forthevariuusinletsinvestigatedareshowninfigure6.
Thewallthicknessoftheinletswasapproximately3/32inch,
whichdeterminedtheexternalcontours.A shortcylindricalsection
ofarbitrarylengthwasaddedtotheentranceofeachinletto
facilitatetheuseofa sharpentranceedgeandtoestablishthe
desi~dwallthicknessaheadoftheinitialperforations.

Theperforationsineachinletwereinitiallydrilledwitha
nuniber43drill(0.089-in.diam.)perpendiculartotheinternal
contourataxialstations1/16inchapart.Theywerethenmade
intosharp-edgedorificeswitha standard82.5°countersink.At
eachstation,theperforationswerearbitrarilyspacedaroundthe
circtunferencetoproduceasuniformanover-alldensitypatternas
possible.Theactualholesizeswerethenmeasured.A hal.f-
sectionofaninletshowninfigure7 illustratesa typicalperfo-
rationpattern.

Modificationsoftheinitialperforationdistributionswere
madebyeitherenlergingtheexistingholesoneachinletorbyadd-
ingholesofthesamediameterasthepreoedingperforations.
Throughouttheentireinvestigation,however,theaveragediameter
ofallholesdrilledinanyoneinletdidnotexceed0.12inch.

,
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AU inletsweremountedonthesame
references2 and3. A sohematiodfa-

testappamtususedin
ofthe5°conioalsubsonio

diffuserandsimulatedcombustiond&uberisshowninfigure8(a).
The90°confoal~tletcontrolwasusedtoregulatethebackpres-
sureonthediffuser.

Pressureinstrumentationoonsistedofa 40-tubepitot-static
surveyrakelocated0.55combustion-ohaniberdiameterdownstreamof
theoutletofthesubsonicdiffuser(fig.8(b)),Therakewasso
designedthateaohpitot-statictubewaslocated.attheoentroid
ofoneofthefortyequalareasegmentsintowhichtheoomhustion-
chambermosssectionwasdivided.

Allpressurereadingsweretakenona multiple-tubedifferential
manometerboardwithacetylenetetrabrcaideasa workingfluidand
werephotographicallyrecorded.Shock-waveconfigurationsaroundthe
inletswereobservedwitha two-mirrorschlierensystemandphoto-
graphsweretakenofcharacteristicflowpatterns. .

Total-pressurerecoverieswerecalculatedbytakingthe
nunm?icalaverageofthetotelpressuresmeasuredwiththepitot-
staticrakeanddividingbythefree-streamtotalpressurePo.
Precisfonofmeasurementsandcalculationsforpressurerecovery
was+0.2 peroentforanyparticularrunand+0.5peroentforthe ‘
entireexperimentalprogram.

Inorderto evaluatetherelativemassflowsm~~ fromthe
pitot-staticpressures,therakeinthesirulatedcombustionchamber
wascalibratedwiththreedifferentunperforatedinletshavingknown
massflows.A 5°diverginginlet,a cylindricalinlet,anda 5°
converginginlethavinga contractionratioof1.176wereusedfor
thecalibration.Themassflowenteringtheinletentranoe~ was
calculatedfromthefree-streamtotalpressure,Maohnumber,and
inletareaona one-dimensionalbasis.ThemassflowIn3through
thecombustionchamberwascalculatedbysumminguptheindividual
massflowsdeterminedforeaohareasegmentfromtheoorrespondi~
pitot-staticpressureratio.Calo@ationsatthecombustionchamber
weremadeona one-dimensionalbasis,witha correctionma&eforthe
areaofthe tubesintherake.Thecalibrationsgavea oonstant
valueofrelativemassflowof1.06forallthreeinlets.Thiscali-
brationfactorwasappliedasa correctiontoallinletsinvestigated.
Fromrepeatedtestpoints,theprecisionofmeasurementsofthe

relativemassflowm~mo wasapproximately4+2;percentfora single
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testpoint.Foroondftionswhentherelativemassflowremains
constantasthetotal-pressurerecoveryvaries,thepreoisionis
believedtolewithln+lpercentforanaverageofthreeormore
testpoints.

Inletswithgeometriccontractionratioslessthan1.555were
usedtodeterminetheminimumratiooftotalperforatedareato
throatareaatwhicheachinletwouldswallowthenormalshock.A
highvalueof C& wasfirstassumedandtheinletwasperforated
aocordingtothecorrespondingtheoreticaldistribution,asdeter-
minedfromfigures1 and2 forthecontractionratiounderconsider-
ation.Theassumedvalueof ~ wasthenincrementallydecreased
byaddingprforationeorbyincreasingthesizeofexistingper-
forationsuntiltheshockwasswallowed.Theperforationdistribu-
tionwasmaintainedalonga theoreticalcurve.Inthismanner,the
experimentalminhumratiooftotalperforatedareatothroatarea
couldbeusedinequation(2)toevaluateanaveragesubsonicflow
coefficientfortheperforations.Comparisonsofexperimentaldata
withthetheoreticalccan@ationsbasedontheexperimentalaverage
subsonioflowcoefficientcouldthenberode.Perforationswere
thenaddedneu thethroattostabilizetheshockfora shortdis-
tanceintheconvergingsection,ratherthanalongtheentire
inletlength,andtomaintainthemass-flowlossinthesupersonic
regionata mlnhzm.Furtheradditionsweremadefartherupstream
toobtaintheeffectofstableshockequilibriumovera greater
mnge ofdiffuser-areatothroat-arearatfos.

Atthehighercontractionratios,thePerfomtionsnearthe
throatrequiredforshockstabilitywereaddedtotheinitialper-
forationsbeforetheminimumratiooftotalperforatedareato
throatareahadbeenattained.Thesubsequentperfozwkbndis-
tributionswereagainmadetoIncreasetherangeofstableshock
equilibrium,aswiththeinletsoflowercontractionratio.

Theperforationdistributionsusedwiththevariousinletsare
showninfigure9 andaredesignatedbythelettersa,b,c,and
SO forth.Thesumationofperforated-areatothroat-arearatio
A/~ isplottedasa functionofdiffuser-areatothroat-area
ratioS/S2.Perforationdistributionsdesignated“minimumfor
starting”o,onformtotheoryinthattheywerealmostlinearandwere
thefirsttoallowccmpleteentranceofthenormalshocktothe
throatsoftheinlets.Thoselistedas “stsrting”allowedcomplete
entranceofthenormalshookbutwerenottheoretical.

Foridentification,eachconfigurationisdesignated
geometriccontractionratioandperforationdistribution.

byits
Thetwo
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inletshavinga contractionratioof1.40andidenticalcontours
am differentiatedbythenumerals1 and2. Forcczmarison,the
theoret3.calcurve of-neutralshockequilibrium
coefficientof0.5isshownasa dashedline.

fora-subsonicflow

RESULTSANDDISCUSSION

SubsonicFlowCoefficient

Theaveragesubsonioflowcoefficientcalculatedfromthe
minimumratiosoftotalPerforatedareatothroatareaforstart-
inginfigure9 andequation(2)wasapproximately0.5,as
graphicallyshowninfigure10. Theminimumratiooftotalper-
foratedareatothroatareaasa functionofthecontractionratio
iscomparedwiththetheoreticalcurvesframfigure5 fornormal
shockentranceandneutralshockequilibrium.Althoughtheagree-
mentbetweentheoryandexperimentisgod,anyconclusionshould.
bequalifiedbythefactthatthesubsonioflowooefficlentthus
obtainedtianaveragevalueofallperforationsintheinlet,and
thatthepressuredifferentialissufficienttocausetheflow
throughtheorificestobechoked.Anyvariationinthesubsonic
flowooeffioientwiththetangentialornormallocalMachnumber
isnotapparentbecauseeachoonfiguratfoncoverstherangeof
subsonioMachnumbersfrom0.596to1.0whentheshockisatthe
inletentrance.

EffectofPerforationDistribution

Theconfigurationsinvestigatedmaybegroupedaccordingto
thetheoreticalconsiderationoftherequirementsforshock
entranceintotheinletsandshookeguilibrfumattheexperi-
mentallydeterminedaveragesubsonicflowcoefficientof0.5Into:
(1)inletshavinginsuffioientperforatedareatopermitnormal
shockentranoe;(2)inletshavingtheminimumperforatedareato
permitnormalshookentrance;(3)inletswithnoregionofstable
shockequilibrium;and(4)inletswithsomeregionofstableshock
equilibrium.A furtherqualificationnecessarytodifferentiate
betweentheconfigurationsofthesecondaru-thirdgroupsisthat
thoseofthethirdgrouphavemorethantheminimumperforated
arearequiredtopermitnormalshockentrance.Inletswithneutral
shookequilibriumhavebeenomittedbecausetheyforma borderline
easebetweenthoseofthethirdandfourthgroupsandItisdoubtful
thatthisconditionofshockequilibriumcouldbeexperimentally
obtainedovertheentirerangeofshockpositionswithintheinlet.

.

.

—

.

.
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Inletshavinginsufficientperforatedareatogermitnormal
shockentrance.-Thetotal-press-recoveryP3/P0asa

p3v#3flznctionoftherelativemassflow‘3 _ wasindependent
~ = Povosl

oftheperforationd.lstributIonandallcurvesremainedsimilar
(fig.11). Whentherelativemassflowisvarfable(subcritical
regionofflow),theslightchangeintotal-pressurerecoveryis
largelytheresultofa changeinsubsoniodiffusionlossesbecause
theonlyshocklossesareexternaltotheinletentranoe(refer-
ence2). Whentherelativemassflowissmall,thesubsonicdif-
fusionlossesarenegligibleandthetutal-pressurez%ooveryof
0.77(fig.11)correspondstothetotal-pressurerecoveryacrossa
free-streamnormalshock(0.767).

Atthetransitionfrcmsubcriticaltosupercriticalflow
(aconstantrelativemassflow),thethroatMachnumberreaches
unity.Thesubsonicdiffusionlosses(withoutinternalshocks)
arethena maxhum,andthetotal-pressurerecoveryof0.74is
approximatelyconstantforalltheconfigurationslistedin
figure11andmaybeusedtoevaluatea subsonicdiffuserpressure
recove~P3/P2of0.74/0.77or0.96.

Inthesupercriticalregionofflow,therelativemassflow
● remainsconstantwithinthelimitsofPecisionoftheinstru-

mentation.Thedecreaseintotal-pressurerecoveryoccursthrough
aninternslshookbecauseofanaccelerationoftheflowtosuper-
sonicvelocitiesdownstreamofthethroat(referenoe2).

Configuration1.63-b(fig.n(k))alloweda partialentrance
ofthenormalshockintotheinletasa resultofaddingperforations
neartheinletent=nce.Thepeakpressurerecoveryof0.815is
greaterthanthefree-streamnormalshockrecoveryof0.770,aida
discontinuityappearsbetweenthesubcriticalandsupercriticalcon-
ditionsofflaw.

Theaveragerelativemassfluwsofthesupercriticalflow
- conditionsfromfigure~ are@esentedinfigure12withthe
gemnetriccontractionratioastheindependentvariable.The
solidtheoreticalcurveisgivenbytheequation

7+1

m3 %2 P2S2M2

()

l+~M#m
—=—= ———
%% POSIMO l+*@

(3)
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whekeP2/Poisthepressurerecoverythroughthefree-stream.
normalshookaheadoftheinletentranoeandthethroatMach
numberisunity.

Theagreementbetweentheoretiml andexperimentalrelative
massflowsiswithinthepreoisionoftheinstrumentalionand
verifiestheassumptionthattheflowthroughthethroatofthe
inletmaybeconsideredonedimensional.

Inletshavingminhunperfolvatedareanecessarytopermit
no- shookentranoe.-Configurationswiththeminimumratio
oftotalperforatedareatothroatarea (A1/S2)minneoessary
topermitnormalqhockentrancehavea largediscontinuitybetween
thesubcriticalandsupercrfticalconditionsofflow(fig.13).
Thediscontinuityinrelativemassflow,whiohaveragedapproxi-
mately20peroent,illustratestherelativeeffectivenessofthe
~erforationsinremovingmassflowbeforeandafterthe nomsl
shockisswallowed.Theourvesofthesulm?itioalconditionsof
flowreminunohanged,terminatingatapproximatelythesameend
points.Forsupercriticalflowconditions,theourvesem dis-
placeabytheohangeinrelativemassflow.Thetotal-pressure
recoveryisincreasedthrougha reductioninshockMachnumber.
Therelativemassflowremainsconstantuptothepeakpressure
recoverywithnoevidenoeofstableshockequilibriumwithinthe
inlet.Theapparentinoreaseinrelativemassflowatlowvalues
ofpressurerecoveryisprobablyduetomeasuringerrorsassociated
withtheseparationsoftheflowwhentheshockapproachesthe
pitot-staticrake.

Theaverageexperimentalrelativemassflowforthesuper-
criticalconditionsofflowinfigure13isshowninfigure14
andisccqarecl.withthetheoreticalvaluesforneutralshock
equilibriumata subsonioflowcoefficientof0.5.Theaverage

relativemassflowofeaohconfigurationisapproximatelyl;to
2 percentabovethetheoretical-curveandisconsistentwiththe
theoryandtheexperiment~ydeterminesvalueofthesubsonic
flowcoefficient,beoausetheperforated-areadistributionin
eaoheaseislessthanthatforneutralshockequilibria.The
maximumrelativemassflowof0.98forconfiguration1.40-a-l
correspondstotheminimmratiooftotalperforatedareato
throatareaovertherangeofcontractionratios.

Thetheoreticaltitspointsinfigure14wereobtainedbya
● numericalintegrationoftheequation

.

.

.

.
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basedon thetheoryofreference
distributionsfrcmfigure9were
case.Thetheoreticaldatashow

-1 PvQ#14
L+)

.3,inwhichtheperforation
usedtoevaluateU ineach
excellentagreementwiththe

e~rimentalresults.Furthercom~risonsiitabularformwill
begivensubsequently.

(4)

Maximumtotal.-pressurerecoveriesP#Po obtainedwitheach
configurationareshowninfigure15forconfigurationswiththe
minimumperforated-areadistributionsrequiredforstarting.The
slightchangesinpeakpressurerecovery(O.90toaboutO.91)are
negligiblecomparedtotherangeincontnctionratiofrom1.40
toabout1.55.Becausethenormalshockwasdownstreamoforat
thethroatoftheinletandthecalculatedreductioninthroat
Machmuiberwithincreasingcontractionratiofortheconfigurations
wasfrom1.42to1.25,thepeakpressurerecoveryappearslimited
byeithera decreasingeffactivenessofthestraightthroatsection
instabilizingtheshockdownstreamofthethroat(reference2)or
a deteriorationofthesubsonicdiffusionprocesswithincreasing
subsonicMachnumberbehindtheshook.Anappreciablegainin
total-pressurerecoverywasobtainedoverthemaximumof0.838
reportedinreference2 fora convergent-divergentinletwitha
contractionratioof1.176ataMachnumberof1.85.

Inletswithunstableshockequilibrium.-Configurateionswith
morethansufficientperforationstopermitnormalshockentrance
butlessthanthoserequiredforneutral.shockequilibriumhadthe
seinecharacteristicsasthoseoftheprecedinggroup.(Seefig.16.)
Althoughstableshockequilibriumwasevidencedwithconfiguration
1.49-dasa decreaseinrelativemassflowforpositionsofthe
shockwithintheinlet,thepeaktotel-pressurerecoverydidnot
increaseoverthatobtainedwithconfiguration1.49-c(fig.13).
Thestableshockequilibriumovertheshortrangeofrelativemass
flowswasunexpectedbutwasnotsurprisinginviewofthesmall
deviationoftheslop=oftheperfomtion-distributioncurvefrom
thatofthetheoreticalcurve.Themsximumyressurerecovery -
obtainedwasabout0.92forconfigurateion 1.53-d, whichhada theor-
eticaldistributionofTerforationsbasedonthedesignconsider-
ationsforneutralshookequilibrium.

Inletswithsomeregionofstableshockequilibrium.-The
relationsoftotal-pressurerecoverytorelativemassflowarepre-
sentedinfigure17 inanorderofprogressivelyincreasing

.
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perforationdistributionforeaohinlet(fig.9). Fromthese
relations,stableshockequilibriumwithintheinletsmaybe
notedasa continuousdeoreaseintherelativemassflowfrom
thatofthesupercriticalconditionofflow.Becausetheslopes
oftheperforation-distributioncurvesdidnotexceedthetheo-
reticalvaluesrequiredforneutdalshockequilibriumoverthe
entirerangeofdiffuser-areatothroat-arearatios,a discontinuity
stillexistsbutitisinthesubcriticalconditionofflow,thatis,
theconditionofvariablerelativemaEIsflow.

Thedatapointsattotal-~ssurerecoveriesclosetothatof
a free-streanormalshockcorrespondtotheconditionofa steady
shockexternaltotheinletentrance.Thesecondsetofdata
points(forexem&e,fig.17(b))inthesubcriticalconditionof
flow(belowthepeakpressurerecoveriesandabovethoseofa free-
streemnormalshock)wereobtainedwithonlythemorehighlyper-
foratedconfigurations.‘Thesedatapointscorrespondtoa con-
ditionofflowinwhichthenormelshockrapidlyoscillatedfroma
positionaheadoftheinletentrancetoa positiondownstream
ofthediffuserthroat.(Thepositionsoftheshockwereobserved
fromhigh-s~edmotionpicturesoftheschlierenimageinwhich
sectionsofthenormalshockcouldbeseenthroughperforations
inelinementwiththeopticallightpath.)Becausethepressure
impulseswererapidlydampedinthetubesbetweenthepitot-static
rakeandthemanometer,thepressurerecoveriesrecordedaresome
averageofthetruepressurerecoveriesatthetwoextremeshock
positimsmodifiedbythetimetheshockpersistsateachposition.
Therelativemassflowsareonlya roughapproximationbecausea
prerequisiteforthemethodofcalculationusedisa steady-state
flow.

Forconfigurations1.49-$,1.53-g,1.55-e,1.59-e,and1.63-e
(figs.17(i),(l),(0),(r),ti (U))rf=v=tiveQ)~t~ osCi~at-
ingtypeofflowextendsovertheentiresubcriticalregion.The
lowerdatapoints(asteadyshookaheadoftheinletentrance)were
obtainedonlywhenthetunnelwasstartedwiththediffuseroutlet
closed.Accordingtotheory,theshockshcwldeitherremainin
stableequilibriumwithintheinletorreverttoa corresponding
positionaheadoftheinletentrance.Whethertheoscillating-flow
phenomenonisaninherentcharacteristicoftheperforated-type
inlet,a characteristicofthetestmodel,oraneffectoflocal
flowvariationsthatmayberemediedbyusingsmaller,morenumsrous
perforationsisunknown.

Theexperimentalresults’-inagreementwiththosetheo&ti-
callyexpectedfromconsiderationoftheeffectoftheslopeofthe
perforation-distributioncurveonstableshockequilibrium.Withthe

—

.
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exceptionofconfiguration1.55-0(fig.17(m)),allconfigurations
indicatesomestability.Forconfigurations1.40-c-1,1.40-o-2
1.53-e,1.55-0,andl.59-c,(figs.17(a),(0),(j),(m)jafi(P~y
respectively),thesiopesoftheperforation-distributioncurves
exceededthosetheoreticallyrequiredforneutrslshookequilibrium
foronlya shortzzmgeofd.iffuser+reatothroat-arearatios
(awroximately1.05)atithedegreeofstableshookequilibriumis
withinthelimitsofinstrumentationpreoision.Astheslopesof
theperforation-distributioncurveswereprogressivelyincreased
overa greaterrangeof100alinlet-arearatios(approximately1.20),
thedegreeofstableshockequilibriumwasincreased.

Themostsignificantdiscrepancybetweentheexperimental
resultsoffigure17 andthetheoryistheocowrenaeofWe peak
pessurereooverywiththeshockveryclosetoitsmostupstream
stablepositionwithintheinletandtheincremental.increasein
peakpressurerecoverywithperforationdistributionafterstable
equilibriumoftheshookhasbeenobtained.Theoreticalmnsider-
ationsoftheinletalonediotatethatthepeak.pressurerecovery
beobtainedwhentheshockMaohnumberisa minimum.Thisminimum
shockMachnumberIsatthethroatunless the inoreaseinlocal
Machnuniberduetothemassfluwremove~bytheperforations
pvQ#A exceedsthedeoreasein100alMaohnumberduetothecon-
tractionofthestreamtulebytheinletwell.Thus,intermsof
theperforationdistributionslope,@2 1

W>G”
ThemaxhnumP=ak

pressurereooveryfora givencontractionratio,however,shouldbe
[btainedwiththefirstperforationdistributionthatallowsstable
shookequilibrium,becausethemininumstableshookMaahnumberis
thelowast.Thisdiscrepancybetweentheoryandexperimentcannot
.berationelizedwithinthelimitsoftheassumptionsmade.Although
theexactreasonsfortheInoreasesinpeak-pressurerecoveryare
unknown,theoccurrencemaybetheresultofminimizinganinter-
actionoftheshookwithboundarylayerandofanimprovementh
subsonic-diffusereffioienoy.WhereastheshockMachnumberincreases
withtheratioofdiffuserareatothreatarea,theperforations
behindtheshockprovidea reliefforanyboundary-layerthickening
causedbytheadverse~ssure gradientthroughtheshook.Theflow
conditionsattheentrancetothesubsonicdiffuserarethereby
tiprovedanda netimprovementinpeakyressurerecoveryoouldresult.
Thelimitingperforationdlstributionatwhichthiseffeotproduces
themaximmpeakpressurerecoveryfora givencontractionratiois
notwelldefined.Aninoreaseintheperforationdistributionslope
overpractically.theentirelengthof~onfiguration1.59-e(fig.
however,decreasedthepeakpressurerecoveryfromapproximately

g(f’)),
0.95
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to 0.94(figs.17(q)and17(r)).A similardecreaseinthepeak
pressurerecoveryIsnotedbetweenconfigurationslo70-aand
1.70-b(figs.9(h),17(v),and17(w)).

Atthecontractionratioof1.40,thelocalincreaseinthe
sloyeoftheperforation-distributioncurvenearthethroatofthe
startingconfiguration1.40-c-2(fig.9(b))overthatof1.40-a-l
(fig.9(a))hadnoeffect,andthesamepeakpressurerecoveryof
0.90andrelativemassflowof0.98wereobtained.Also,the
ratiooftotalperforatedareatothroatarearequiredforst~ing
wasthesame.Atthehighercontractionratiosof1.59and1P63,
theincreaseintheslopesoftheperforationdistributionsimprovel
thepeakpressure recoveries forthestarting configurations1.59-c
and1.63-o(fig.17(p)and(s),respectively)approx~tely4 per-
centover.thevalueof0.90forthestartingconfigurationswith
theoreticalperforationdistributions(fig.15).Thestarting
ratiosoftotalperforatedareatothroatareainfigures17(p)and
(s)wereincreasedabovethevaluesexpeotedfora subsonicflow
coeffiolentof0.5andtherelativemassflowsforsuperoritioal
ccmditionsareapproxh%tely2 percent belowthetheoreticalvalues
forneutralshockequilibriumgiveninfigure14.

.—

—

Thehighestpeaktotal-~ssurereooverfesatallcontraction
ratioswereobtainedwithconfigurationshighlyperforatedinthe
vicinityofthethroat.The&atapointsonfigure18arefor
Oonfigumtions1.40+-1,1.40-f-2,1.49-g,1.53-g,1.55-i,1.59-d,
1.63-c,and1.70-a.Thesolidcurveisthetheoreticalpeakpressure
recoveryforneutralshockequilibriumata subsonioflowcoefficient
fortheperforationsof0.5,andrepresentsonlynormalshocklosses
attheinletthroat.Thetrendoftheexperhnentaldataapproximates
thetheoreticalcurveuptoa contractionratioof1.55andthen
levelsoff.Althoughthemaximumexperimentaltotal-pressurerecovery
of0.958wasobtainedata contractionratioof1.63,theexperimemhl
datahavenowell-definedpeak,andpressurerecoveriesofapproxi-
mately0.95wereattainedovera rangeofcontractionratiosfrm 1.53
to1.70.

Uptoa contractionratioof1.55theassumptionofisentropi~
flowupstreamoftheshockisa goodapproximationattheMachnumber
oftheinvestigationbeoausethedifferenceofapproximately3 per-
oentbetweenthehighestpeaktotal-pressurerecoveriesandthe
theoretical.ourvemaybeaccountedforbythesubsonicdiffusion
losses.Atcontractionratiosgreaterthan1.55,theexperimental
curveInfigure18levelsoffata valueofapproximately5 percent
belowthetheoretical-values.Thislevelingoff.oftheexperimental
curvemaybetheresultofsupersonic~iffisionlosses}andata

.

—



.

NACARME50B02 21

contractionratioof1.70thesupersonicdiffusionlossesmaybe
estimatedatapproximately2 percentifthesubsonicdiffusion
lossesareassumedconstant.

Therelativemassflowscorrespondingtothepeaktotal-
pressurerecoveriespresentedinfigure18wereconsiderablybelow
thetheoreticalvaluesforneutz%lshockequilibrium.Forconfig-
uration1.63-e,(fig.17(u)),therelativemassflowof0.82
associatedwiththepeaktotal-pressurerecoveryof0.958is
approximately12percentlessthanthetheoreticalvalue.Calcula-
tionsindicatethatapprox-tely5 percentofthisreductionisdue
totheincreaseinperforationdistributionoverthetheoretical
distribution;theremaining7 percentIsduetotheincreasedflow
spillageofperforationsbehindthenormalshockIntheconverging
portionoftheinlet.

ComparisonofExper=ntalandIntegrated

RelativeMassFlows

Therelativemassflowforsupercriticalconditionsofoperation
maybeevaluatedby a numericalintegrationofequation(4). Experi-
mentalandintegratedrelativemassflowsforsupercriticalflow
conditionswerecom~red.Theresultsforseveralperforationdis-
tributionsofthe1.49,1~53,and1.59inletsareshowninthefollow-
ingtable;thepercentagevariationisshownaspositivewhenthe
integratedvalueexceedstheexperimentalvalue:

ConfigurationlMass-flowratio$~3/mll~ariati~
ExperhentallInte@-ated(Prcent)

1.49-C 0.972 0.965 -0.7
1:49-e .956 ●949 7
1.49-g .934 .922 -;:3
1.53-C 0.960 0.956 -0.4
1.53-e ●942 .938 -.4
1.53-f ●931 .924 7
1.53-g .906 .896 -i:1
1.59-C 0.915 0.925, 1.1
1.59+ .901 .910 1.0
lo59-e .892 .899 .8

Thevariationbetweentiasuredandintegratedvalues remains
approximatelywithinthelimitsofexperimental~ecision(+1.0per-
cent). Thisagreementindicatesthattheproposedasstuuption-

●
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r%
methcdofevaluatingJo PvQ#A inreference3 giveresults

thatarepraotioableapproximationstothesupersonicfluw
throughtheperforations. .

VisualFlowObservations

Typloe2schlierenphotographsoftheflowpatternaboutinlets
withstableshockequilibriumarepresentedinfigure19forseveral
operatingoonditioqs.Infigure19(a)withtheshookdownstreamof
thethroat,themassflowspillledthroughtheperforaticmsisa
mininumfortheconfiguration,andisindicatedqualitativelybytb
boundarylayerthatappearsasa lightarea(upperhalf)anda dark
area(lowerhalf)adjacenttotheinletwall.Withtheshook
positionedintheinlet,theincreaseinflowspillageisnoticeable
infigure19(b)asa thickeningofthelightanddarkareasdown-
streamoftheshook.(Theapproximatepositionoftheinternal
shookisindicatedbythearrow.) Coincidentwiththisthickening,
a flowcompressionemanatesfromtheboundarylayer.Thisoompres-
sionisprobablytheresultofa suyersonio flowdefleotiongenerated.
bytheinoreasedflowspillagethatappearstoformthebound~
layerintoa virtualremp.Thetransitioninflowpatternbetween
figures19(a)and19(b)wasobservedtobea continuousfunotionof
theshockposition.

Theappearanceoftheosoill.atingflowwhenvisuallyobserved
isillustratedinfigure19(c).Therangeofshockpositionswas
frcmtheblurredimgeofthebowwaveaheadoftheinlettoa
locati~ downstreamofthethroat.Photograhetakenat

T4-microsecondexposure(figs.19(d)and19(e)revealthe~etails
oftheshookpatternfortwopositionsinitsos.oillation.Infig-
ure19(d)theshookappearsasa t~icalbowwaveencounteredin
thesubcriticaloonditionofflow.Theflowpatternbehindthe
shookindioatesconsiderableturbulence.Infigure19(e),theshook
iswithintheinletata positionooinoidingapproximatelywiththe
obliquewaveemanatingfromtheinletwall.Theflowisentering
theinletentranoeatfree-streamconditionsandtheshockpattern
approximatesthatwhlohwouldbeexpeotedundera steady-stateflow
Oonditimo

.

Four-microsecondRhotogqaphsoftheinletwiththeshookat
itsmostdownstreampositionofoscillationareunavailable.A
studyofhigh-speedmotionTictures,howeverindioatestheflow
patterntobesimilartothatoffigure19(a~.

.

●
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AngleofAttack

Atanangleofattackof3.9°,tinehighestpeakpressure
recoveriesoffigure18werereduaedfrom2 to3 percent.In
thtsrespect,theperformanceoftheinletsappearscomparable
tothatofshock-typeinlets.Thechengeinrelativemassflows
frcmthoseobtainedatzeroangleofattackindicatedslight
reductionwithinthelimitsofinstrumentation.

EstimationofImportanceofTotal-Premure

RecoveryandRelativeMassFlow

A methodbywhichtherelative&its ofanincreaseintotal-
pressurerecoveryobtainedattheexpenseofa decreaseinrelatlve
massflowmaybeevaluatedistodeterminetheinternalthrustcoef-
ficientCt,3 fora simulatedrem-setunitfromtheexperimental
Yelationsoftotal-pressurerecoverytorelativemassflow.The
equationfortheinternalthrustcoefficientasdevelopedin
appendixB is

~t,3=~~@4.324-0.50@-2 +2$~~~ (5)

G
.—

Inequation(5),thegeometryoftheram-jetunitisvariableso
thattheinternalthrustcoefficientis independentofphysical
dimensions.ThevelooityrecoveryVe/vo representsthefraction
offree-stre-velocityretainedbytheairspilledthrcughthe
perforationsandisa desi~parameterasyetunknown.An
inspectionofequation(5)reveals,however,thatshouldthe
velocityrecove~equalunitytheinternalthrustcoefficienthas
itslimitingmaximumvalue.Nopenaltyisplacedontheinletfor
decreasesinrelativemassflow;identicalresultsareobtained
whentherelativemassflowisunity.Whenthevelooityrecovery
iszero, thereductionininternalthrustcoefficientisa mudnmm;
theinte~ thrustcoefficientthenhasitslimitingminimum
values.Ingeneral,thevelooityrecoveryshouldliebetween
unityandzero.Althoughvariationsinthevelocityrecoverywith
contractionratio,perforationdistribution,andrelati~emassflow
maybeexpected,a firstapproximationmaybemadebyholdingthe
velocityrecoveryconstant.



.

24
,@ Ww’@-cx-;.-..... . --54 NACARME50B02

.

Typicalinternalthrustcoefficientscalculatedfromexperi-
mentalvshes oftotal-pressurerecove

7
andrelativemassflow

arepresentedinfigures20(a)and20(b forvelooityrecoveries
ofO and0.6,respectively.Theinletcontractionratiois1.49.
Configurationswithlessthanthemin3mumratiooftotalperforated
areatothroatarearequiredforstartingandthesuboritioal
conditionsofflowwithextenalshocksarenotconsideredbecause
theydonotrepresentpracticabledesignpoints.Thedashedcurves
arelinesofconstamtrelativemassflow.A verticaldisplacement
ofa givendatapointbelowthedashedcurveonwhichrelativemass
flowequalsunityrepresentsthechangeininte~ thrustcoef-
ficientduetoa mcmentumlossofspilledair.

Thesuperoriticalregionofflowisindicatedinfigures20(a)
and20(b)by the linearvariationininternalthrustcoefficient
withtotal-pressurerecovery.Shockstabilityintheconverging
sectionoftheinletsischaracterizedbythedecreasingslopesof
thecurvesasthepeakpressurerecoveryisapproached.

Whena velocityrecoveryofzerowasassumed(fig.20(a)), the
effectofthemomentumlossofthespilledairwassevere.Conf@ra-
tion1.49-c,whichhadthehighestrelativemassflowof0.97forits
contractionratio,gavethehighestinternalthrustcoefficientof
0.814. Subsequentconfigurations1.49-fand1.49-gincreasedthe

. .

peaktptal-pmssurerecoveriesto0.924and0.940andreduoedthe
internalthrustcoefficientto0.80and0.69,respectively.Thepeak
internalthrustcoefficientsforallconfigurationscorresponded

.

closelytothesupercriticalconditionsofflow.

Foranassumedvelocityrecoveryof0.6,(fig.20(b)),an
increaseinthepeakinternalthrustcoefficientfrom0.83withcon-
figuration1.49-ctoapproximately0.84forconfiguration1.49-f
wasrealized.Thepeakinternalthrustcoefficientof0.823for
configuration1.49-gislower,butIsInthesubcriticalregionof
fluw.

Atanassumedvelocityrecovery ofunity,thehighestinternal
thrustcoefficientsoccuratthehighestpeakpressure~coveries.
A valueofinternalthrustcoeffiotentof0.88forconfiguration
1.49-gisobtainedbyverticallyprojectingthepeektotal-pressure
recoveryof0.94totherelativemass-flowcurveofunityoneither
figure20(a)or20(b).Althoughthisvelooityrecoverywouldnot
beenmunteredinpr=*ic@,itr@l?res@nts.al~t~ condition‘f
flow●

Overtheentirerangeofcontractionratiosandperforation
distributionsinvestigated,thehighest,, valuesortheInverna

; o_y’gq!I+!!?. .........-.,
.

.-
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thrustcoefficientsarepresented infigure21forvelocity
recoveriesofO,0.6,and1.0.Theconfigurationsforthese
datapointsarelistedinthefollowingtable:

Inlet
confmaotion

ratio
1.40-1
1.40-2
1.49
1.53
1.55
1.59
1.63
1.70

Perforationdistribution
Velocit~rec
o
a
c
c

;
t)
c
a

Inrery
1.0

d
f
~
6
h
a
e
a

Foranimprovementinvelocityrecovery,thepeakinternalthrust
coefficientapparstooccurathighercontractionratiosand.
inoreasedperforationdistributionsasindicatedbyfigure21and
theprecedingtable,respectively.

Atanassumedvelocityrecoveryof0,thehighestinternal
thrustcoefficientsareobtainedbetweencontractionratiosof1.40
and1.49.An Increaseinthevelocityrecoveryto0.6shiftsthe
highestinternalthrustcoefficienttoa contractionratioof
approxhately1.59.Forthelimitingconditionofvelocityrecovery
equals1.0,a contractionratioof1.63thatgivesthemaximumpres-
surerecoveryhasthemximuminternalthrustcoefficientof0.90.

In termsofperforationdistributionsthetrendissimilar.
Ingeneral,configurationsthatfirstpermittednca?malshock
entrancegavethehighestvaluesofyeakinternalthrustcoef-
ficientata velocityrecoveryofzero.Theseconfigurationshave
thehighestrelativemassfluwattheirrespectivecontraction
ratios● (Theoneexceptionisconfiguration1.53-e.) Thedata
pointscorrespondcloselytothepeaktotal-p?essurereooveryand
tosupercriticelconditionsofflow.Ata velocityrecovegof
0.6,thedata~ointscorrespondtoconfigurationswithratiosof
totalperforatedareatothroatareagreaterthanthatrequiredfor
normalshockentrance.Alldatapointscorrespondtosu~roritical
conditionsofflow,butarenotnecessarilyforthepeaktotal-
gressurerecoveriesoftheirrespectiveconfigurations.Forthe
limitingconditionofvelocityrecoveryequ~slDOSthe~ta Points .
correspondtothemorehighlyperforatedconfigurationateachcon-
tractionratio.Alldatapointsareinthesubcriticalconditionof
flowandareforthepeaktotal-~essurerecovery.
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A comparisonmaybemadeoftheinternalthrustcoefficients
ofperforatedinletswiththeconvergent-divergentInletsofref-
erence2 becausetherelativemassflowoftheconvergent-divergent
inletsisunity.Thevaluesofinternalthrustcoefficientthen
ooincidewiththecorrespondingtheoreticalourveoffigures20(a)
Or20(b).Theinletof10°straighttaperand1.176contraction
ratiowitha 2-inchcylindricalthroatofreference2 ata free-
streamMachnmiberof1.90gavea peaktotal-pressurereooveryof
O.&lo.Thepeakinternalthrustcoefficientforthisinletis
0.72,a declineofapproximately11percentfromthevalueof0.814
foraninlethavinga 1.49contractionratioata velocityreoovery
ofO,anda reductionofapproximately15percentfromthevalueof
0.85foraninlethavinga contractionratioof1.59ata velocity
recoveryof0.6.

SUMMARYOFRESULTS

Aninvestigationofperforated-typeconvergent-divergentinlets
ataMachnumberof1.90gavethefollowingresults:

1.Theexperimentalaveragesulmonioflowcoefficientforthe
oircularsharp-edgedperforationsusedwasapproximately0.50.

2.A msximumtotal-pressurereooveryof96percentofthe
free-streamtotalpressureata relativemassflowof82qercent
wasobtainedwithaninlethavinga contractionratioof1.63.
A maximumrelativemassflowof98peroentwasobtainedwitha peak
pressurerecoveryof90percentusinganinlethavinga contraction
ratioof1.40.

3.Pressurerecoveriesupto92percentwereobtainedusinga
theoreticaldistributionofperforationsbasedonthedesignmn-
siderationsforneutralshookequilibrium.ForSOB ofthese
configurations,shookstabilityatthethroatoftheinletwas
observed.Additionalpe~orationeupstreamofthethroatstabilized
theshockintheconvergingsectionofthediffuserandimprovedthe
pressurerecovery,butreducedtherelativemassflow.

4.Theoretiml(integrated)andexperimentalvaluesofthe
supersonicflowremovedbytheperforationsduringsupercritioal
operationagreed’toapproximately1 percentovera rangeofcon-
tractionratiosfrom1.40to1.59andtheperforationdistributions
investigated.-

5.A t~eoretioaloomparisunoftheeffectivenessoftotal-
.pressurerecove~andrelativemassflowwasmadeintermsofan

. .

.
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cmfficient.Fora velocityrecoveryofO ofthe
flowspilledthroughtheperforations,gai& inpres&rerecovery
wereoffsetbylossesinmassflow,andaninletwitha contraction
ratioof1.40or1.49wasfoundtobepreferable.Fora velocity
recoveryof0.6,moderatemass-flowlossesmaybetoleratedandan
inletwithacontractionratioof1.59gavethemaximminternal
thrustcc-efficient.

6.Themaximmthrustcoefficientoftheperfomteddiffuser
ata velooltyrecoveryofzerowasJ-1peroentgreaterthanthatof
a convergent-divergentdiffuser.Ata velooityreooveryof0.6,tk
maximmInternalthrustcoefficientwas15percentgreaterthantlurt
ofa convergent-divergentdiffuser.

LewisFlightPropu.lsionZabozatory,
NationalAdvisoryCommitteefor

Cleveland,Ohio.
Aeronautics,
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THEORETICAL

APPENDIXA

EQUATIONSUSEDINDESIGNING

l?ACAFME50B02

PERFORATEDINLETs

Theoriginalderivationoftheequationforcalculatingper-
forationsizeanddistributionisgiveninreferenoe3. Thecal.-

oulationsfor PvQb~ti ~v Qb maybesimplifiediftheequatias
~ peVe

arepresentedina formthatutilizes one-dimensional supersonic
flowandnormalshookrelations,andtwo+mensionalPrandtl+leyer
expmsionequations.Theseareavailableintabulatedformin
referenoe4.

Thegeneralequationthatisnumericallyintegratedtoobtain
thenumberandthedistributionofperforationsalonga &if$useras
a functionofthelocelMaohnumberis

(Al)

where

andwhere~ isobtainedfromtheratioofthestatiotototal
pressurepe/POati 19istheanglebetweenthefinalMachline
andthediffuserwall.

d

.

.

$
2

.

.
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.

.

Intermsof

*
P~ ‘

Thecoordinateanglesmaybeexpressed.,however,intermsofthe
Prandtl-Meyerexpansionangle$ throughwhioha streammustturn
toexpandfransonicvelocityM* toa su~rsonicMachnumberM.
Beoause

‘=@ ’an-’F

and .

,=@tan-l~F - (90-sin-.~)

sin-l ~-e=$ +
Me e (A4)

Theequationthatisnumericallysolvedinconjunctionwith
equation(Al)toobtainthediffuser
functionofthe100alMachnunheris

cross-sectionalareaasa

()mQ# & (A5)
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.

.

Peve~~ ‘OvogivestitiPly@ throughhy — —
Peve Povo

However, \

(A6)

(A7)

peve
. _ sin(*e-$)

pv

or
)

(A8)pp~ Qb= sin(O=-V
ee

Also,

(A9)

Thequantitiesontheright,sideofequation(A9)havebeen
previouslycalculatedinevaluatiw3equation(Al).

Ifthepressurepe isassumedconstantandequalto poj
~ =~ inequations(A2),(A3),and(A4);and *e=*O in
equations(A4),(A7),and(A8).

.
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Ithasbeenbroughttotheattentionoftheauthorsthata
limitingconditionfordeterminingtheexitMachnumber~ exists.
WhenthefinalMachlineofthePrandtl~eyerexpansionata per-
forationbecomesperalleltotheinletwall,theangleO in
equations(A2),(AS),and(A4)isthenzeroandtheexitMachnumber
a maximum.ShouldthefinalMachlinefalloutsidetheinletwall,
themaximumexitMaohnumberMe,- oftheperforationisthe
valuethatexistsintheexpansionattheMachlinethatisparallel
totheinletwell;~,- thenbecms a functionofonlythelocal
inletMachnumberandisgivenintermsofthePrandtl-Meyerexpan-
sionangle~ bytheequation

* = (V&)= - sin-lMA
e,max

(Ale)e

A solutionofequation(AIO)forthemaximumexitMachnumber
intermsofthelocalMachnuui%erisshowninfigure22. These

e,- fromfigure22shouldbeusedtoevaluatevaluesfor M
equations(A2),(A3),(A4),(A6),(A7),and(A8)wheneverthefinal
Machlinefallsoutsidetheinletwall.Fortheassumptionthat
thestaticpressurePe Isconstantandequalto PO, this
phenomenon.firstoccursata localinletMachnumberofunitywhen
thefree-streamMachnumberis2.083.
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BASISFORCOKP~G DIFFCJSERSTODEJ!ERMINE

.

NACAFME50B02

OPTIMUMDESIGNPOINTS

.

Theequati,onusedto evaluatethedesignthrustcoefficients
showninfigure20wasobtainedthroughanintegrationofthe
momentumequationabouta generalram-setunit,consideringonly
theeffectsofpressurerecoveryandrelativemassflowoftheair
approachingthesupersonicdiffuserinlet.Inordertoisolate
theseinternaleffeots,theexternal.velooityisconsideredtobe
zeroandtheetiernalpressureisassumed.equaltothefree-stream
staticpressurepoj whiohisanalogoustohavi~theairsupplied
totheunitatthefree-streemMaohnumber~ bymeansofa ram
pipewitha diameterequaltothatofthediffuserinlet(fig.23).

Integratingaboutthetwo-dimensionalboundariesa,b,c,and
d,thegeneral.equationforthrustis —

H&a

@

da
F= pallc$osm+ (@Aces 13)vx (Bl)

o b. c b

wherethethrustispositiveinthenegativedirectionof x} (0is
theanglebetweenthepositivedirectionof x andtheoutward-
drawnvectornormalto dA, and f3istheangle betweenthevelocity
vectorv atitheoulnrard~unvectornormslto dA.

Acrossboundary”~ themassflow~ emergingfromther~
@Pe ~Y bese@%gatedintothZ%e*I3 mA, me) am ~ fOrw-.
posesofanalysis.(mA istheflowspilledaheadoftheinlet
entrancewhenthenormalshookisupstreamofstation1; ~ is
theflowspilledthruughtheperfomtions;and ~ istheflow ‘
passingthroughthethroat.) Acrossboundary~, thevel~ity
of mA and me isassumedtobe VA End ve no- to cd ad
atthefree-streamstatiopressurePO. Themassflow m4 issuing -
fromthejetischokedandata statfoPreSSURP4.
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Integratingequation(Bl),theInternaltluuatbeocmss

F = m4v4- ~vo + s4(p4-~)+ ~va + QVe

Theinternalthrust coefficientbasedont~ mxlnmmareaoftb tit ia

F
.ct,3= —

W33

or,using me-dhnenaionalail

%
%)3 = ~

3

-—

1-

(’+%”4%
74

()

74+1 -~

T 1

74R4T4 tk relativeMSS flw i.13mJqjwham the heat-releaseyareawteris T =
7*J

.

1-2 +

am thefuel-airratiois f.
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Forocditionswherethenormalshook
en%=e> mA iszero.Then

NACAEME50B02

iswithintheinlet

sl/s3 my IQSObe =mssed -

7(-)+1

when 7 eq@s 70-

M3

G

Thethrustmefficfentthenbecomes

7~+1 r

(B4)

(B5)

1

—

‘o
1 -—

‘4

num!berMZ isheldoonstantat0.2andtheheat-releaseIftheMach
parameterat4.0,thedfuel-airratiorequiredwilldepend.onthe
efficiencyoftheocmbustionprooessfora givenfuel.Forpurpooes

.

.-

.
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*
ofcomparison,however,thefuel-airratiotermmaybeneglected,
74 my betakenat1.4,andthetotalpressurebeforeand.after
mmibustionmaybeassumdlequalwithnegligiblechangeinthe
relativevaluesofthethrustcoefficientbetweenthevarious
inlets.Fromanevaluationoftheconstantsineq..tion(B6)on
thisbasis,

m3

(
4.324-0.5088

G 2’-2+26 -2)$
.-

(B7)

Thelowerlimitofthetow-w=ss= r-oven @O -’or
P4 Po

whichequation(B7)isvalidisobtaine~when —= ~ = 0.528,
Pz

thestatictotel-pressureratiorequiredforsonb vehity atthe
jetoutlet.Thelowestvalueoftherelativemassflowforwhich
theconibustionohsmberisthemajordiameterisgivenby

S1 0.525‘3—.l. ——S3 LU3— ‘o

or

%5—= 0.525
%

when

‘3 = 1.0
~

Shouldtherelative=ss flowbelessthanthevalue thus determined,
theinletbecomesthemajordiameteroftheunit.Itisnotedthat
theinternalthrustcoefficie~tthusccnu~tedrepresentsthedesign
conditionofa unitfortheinlettestpointconsidered-.
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Ratioofperforatedareato throatarea
——- — Constantgeometriocontractionratio

1.2‘

1.0

.8“

.6
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t-t+t-b!’x-x
WizL7° I H--H-H.2 I I I A YI / A I

1.55/ IA #Y/ I

o
1.0 1.2 1.4 1.6 1.8 2.0

LocalMach“number,M

Figure1.- Theoreticalvariationof perforatedareawithlocal
Machnumber, Wee-streamMaohnumber klo,1.90.
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— Ratioof diffuserarea
to throatarea 8ubsonic

flow
-– — Constantgeometric coefficient

contractionratio Qa
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T
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LocalMaohnumber,M

Figure2. - Theoretical variationof diffusercross:seotionalarea
withlocalMachnumber. Free-streamMachnumber ~, 1.90.
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SubsonicflOll

coei?f icient,Qa

I 0.4

.8
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,6

.4

.2

1.0 :

w

1 I ,

L.1 1.2 1,3 1.4 i.5 1.6
. Ratioofdiffuserareatothroatarea,S/S2

Figure3. - Theoreticaldistributionofperforationsalong
diffuserinlet.Contractionratio,1.55;free-streamMach
nuniber~, 1.90.
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Unstableshockequilibrium

;# Neutralshockequilibrium
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tableshockequilibrium

I Ir,
P

25G= I
o
2

- — .

g
.6 !
1*O 1.1 1.2 1.3 1.4 1.5 1.6

Shockposition,ratioof inlet-entrancearea
to localdiffuserarea,S~~

Figure 4. - Varfationof subsonicthroatMachnumberwithshock
positionforthreeperforationdistributions.Contractionratio,
1.55;subsonicflowcoefficient~, 0.5;free-streamMachnumber
‘o $ 1.90.
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Theoreticalforneutralshookequilibrium
I ———Theoreticalminimumto swallownormalshock II

Subsonicflow’
coefficient
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,///
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ContractIonratio,91/S2

I
I

1

1

.

Figure5. - Comparisonof theoreticaltotal-perforated-areato throat-
arearatioas functionof contractionratioforswallowingnormal
shockandforneutralshockequilibrium.Free-streamMachnumber
M., 1.90.
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Station1

+
zl-l St.tionr-.*- ~ ‘T-

.

.

Length

(L. )

o“
● 25
.50
.75
1.00
1.25
1.50
1.75
2.00
2.25
2.50
2.75
3*OO
3.25
3.50
3.75
4.25
4.75

Diameter,,D
(in.)

1.402

1.826

1.826
1.819
1.804
1.780
1o748
1 ● 709
1.668
1.632
le601
1-576
1.557
lc 546
1*542

1.542

Contractionratio, S1/S2

1.4901.531

1●882 1.908
1.882

1.8’?6
1.8621.908
1.8321.901
107941.883
1.7521.855
1● 710 1.815
1.6701.766
1.6281●’712
1.5881.663
1.5601.622
1.5461.589
1.5421.563

1.548
1.542

1.542
1.542

1.553

1.921

1.921
1.914
1.895
1.869
1.830
1,782
1.725
1.673
1.629
1.593
1.566
1.548
1.542

1.542

1.589jl.630

109441.969

1.944
1s936
1.917
1.888
1o846
1.793
1.733
1.680
1.634
1.597
1.567
1.549
1.542

1.542

1.969
1.961
1.942
1.911
1.866
1.810
1.747
1.690
1.641
1.600
1.570
1.550
1.542

1.542

1.703

2.012

2.012
2.005
1.984
1.951
1.903
1.839
1.767
1● 703
1.649
1.605
1.572
1.550
1.542

1.542

Figure6. - Sketchof typicalinletwith tableof
coordinates for contractionratiosinvestigated.

.
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C-21308
4-27-48

JMgure7. - Photographofinlet1.59-eillustratlugdlstrlbutionofperforatIons.
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Conical
Station plug

7“
1 2 3

I ------- -----

L Inle%* Subsonicdiffuser
combustionchamber

(a)Sohematiod%agramshowingcomponentparts.

(b)Pitot-staticsurveyrakelocatedat statLonA-A.

Figure8. - Sketohofexperimentalmodel.
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I l— Investigateddistribution Ill

H——l!heoret”ioaldistributionforneutral
shookequilibrium;subsonioflow
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Ratioofdiffuserareatothroatarea,9/92

(b)Inlet1.40-2.
F@ure 9. - Dlatributlonof perforatlonaalongdiffuserinlet.
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— Investigateddistribution
— — Theoreticaldistributionforneutral

shockequilibrium;subsoniaflow
ooefflolent,~, 0.6
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.6 / /
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/

.2

(u)Inlet1.49.

1.0
/g ●

/
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.
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—MLnlmum for

,
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/

#2
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o
1.0 1.1 1.2 1.3 1.4 1.5 1.6

Ratioof diffuserareato throatarea,S\S2

(d)Inlet1.53.

‘igure9. - Continued.Dlstrlbutionofperforationsalongdiffuserinlet.
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1;0

.8
d

/
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-Investigateddistribution
——Theoretical distrlbuti.onfor

.2 neutralshookequ~librlum;
subsonicS1OUaoef~~c.lent~, 0.5

0
(e)Inlet1.55.
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(f)Inlet1.59.

Figure9. - Continued.Distributionof perforationsalongdlffuaerinlet.
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i!* Invest@ateddistribution
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subsonioflowcoefficient,
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(h)Inlet1.70.

P@ure 9. . Conclutletl.Dlstributlonofperforationsalongdiffuserinlet.
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I

I I I I 1 I I I
Theoreticalforneutralshockequilibrium

.— —Theoreticalminimumfornormalshockentranceu

Figure10.-Ratiooftotalperforatedareatothroatareaas
functionofcontractionratioforstartingandneutralshock
equilibrium.SubsonicflowcoefficientQat0.5;free-stream
MachnumberMo,1.90.
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1
— Steadyflow v

.9”

.7

)
c

.5. n o
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.7

.5
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.7

‘.5

(a)Inlet1.40-a-2. (b)Inlet1.40-b-2.

(o) Inlet1.49-a. (d)Inlet1.49-b.
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0 .2 .4 -.6 .8 1.0 0 .2 .4 .6 .8 1.0
Relativemassflow,m3/mo

(e)Inlet1.53-a. (f)Inlet1.53-b.

Figure11. - Variationof total-pressurerecoverywithrelative
massflowfor inletshavinginsufficientperforationsto permit
normalshockentrance.Free-streamMachnumber ~, 1.90.
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—Steady flow
—–-DiscontinuousJ?1OW
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(g)Inlet1.55-a. (h)Inlet1.59-a.
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(i)Inlet 1.59-b. (j)Inlet1.63-a.

Io
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Relativemassflow,m/mO

(k)Inlet1.63-b.

Figure11. - Conbluded.Variationof total-pressurerecoverywith
relativemassflowfor Inletshavinginsufficientperforationsto
permitnormalshockentrance.Free-streamMachnumber M(-J,1.90..
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Figure 12. - Relativemane flow (supercritlcal)as functionof contractionratio for inlets
having insufficientperforationsto permitnormal shock entrance.
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